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Abstract
Background: Aquaporin-1 (AQP1) channels are constitutively active water channels that allow
rapid transmembrane osmotic water flux, and also serve as cyclic-GMP-gated ion channels.
Tetraethylammonium chloride (TEA; 0.05 to 10 mM) was shown previously to inhibit the osmotic
water permeability of human AQP1 channels expressed in Xenopus oocytes. The purpose of the
present study was to determine if TEA blocks osmotic water flux of native AQP1 channels in
kidney, and recombinant AQP1 channels expressed in a kidney derived MDCK cell line. We also
demonstrate that TEA does not inhibit the cGMP-dependent ionic conductance of AQP1
expressed in oocytes, supporting the idea that water and ion fluxes involve pharmacologically
distinct pathways in the AQP1 tetrameric complex.
Results: TEA blocked water permeability of AQP1 channels in kidney and kidney-derived cells,
demonstrating this effect is not limited to the oocyte expression system. Equivalent inhibition is
seen in MDCK cells with viral-mediated AQP1 expression, and in rat renal descending thin limbs
of Henle's loops which abundantly express native AQP1, but not in ascending thin limbs which do
not express AQP1. External TEA (10 mM) does not block the cGMP-dependent AQP1 ionic
conductance, measured by two-electrode voltage clamp after pre-incubation of oocytes in 8Br-
cGMP (10–50 mM) or during application of the nitric oxide donor, sodium nitroprusside (2–4 mM).
Conclusions:  TEA selectively inhibits osmotic water permeability through native and
heterologously expressed AQP1 channels. The pathways for water and ions in AQP1 differ in
pharmacological sensitivity to TEA, and are consistent with the idea of independent solute
pathways within the channel structure. The results confirm the usefulness of TEA as a
pharmacological tool for the analysis of AQP1 function.
Background
Tetraethylammonium is known as a pore-occluding
blocker of voltage-gated potassium channels [1], but it
also blocks other cationic channels such as calcium-de-
pendent K+ channels [2,3] and the nicotinic acetylcholine
receptor [4]. TEA at 0.1 to 10 mM also inhibits osmotic
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water flux through human AQP1 channels expressed in
Xenopus oocytes, decreasing the net swelling rate in hypo-
tonic saline by 30–40% as compared to AQP1-expressing
oocytes not treated with TEA [5]. This blocking effect on
osmotic water flux was demonstrated to involve AQP1
channels specifically by using site-directed mutagenesis
(tyrosine 186 to phenylalanine) to generate a Y186F
AQP1 channel that is insensitive to block by TEA, but re-
tains sensitivity to block by mercury. The blocking effect
of mercury in AQP1 channels is dependent on a neighbor-
ing residue, cysteine 189 [6]. TEA offers attractive advan-
tages over mercury as a reversible and less toxic blocker for
AQP1 channels in experimental analyses of water channel
function; however, the relevance of TEA as a blocker for
AQP1 channels outside the Xenopus expression system has
not been examined previously.
Differences in properties (including pharmacological sen-
sitivities) have been observed for ion channels expressed
in oocytes as compared to those in native tissues. For ex-
ample, the Torpedo acetylcholine receptor and the Shaker
K+ channel protein differ in the fractions of protein glyco-
sylated, the composition of the oligosaccharide chains,
and the degree of protein maturation when expressed in
Xenopus oocytes as compared with channels in native tis-
sue or other expression systems [7,8]. Differences in glyc-
osylation patterns can influence the binding of external
blocking agents. The presence of tissue-specific targeting
signals not recognized in Xenopus oocytes may lead to pro-
tein degradation [9]. These discrepancies raised the ques-
tion of whether AQP1 channels in native tissues are
sensitive to TEA, as they are in Xenopus oocytes. Data pre-
sented here show that TEA is effective as a blocker of
AQP1 channels expressed in a mammalian renal cell line
and in native renal epithelial membrane.
AQP1 channels are complex solute conductors. They are
constitutively permeable to water, and also function as
regulated non-selective cation channels [10] when gated
by intracellular cyclic GMP [11,12]. Even though only a
small proportion of the AQP1 channels that are present in
the membrane appear to be available for cGMP-activation
of the ionic conductance (1/56,000), model-based calcu-
lations nonetheless suggest that this contribution could
be meaningful in a physiological setting [13]. Unlike
transporters which move substantial amounts of substrate
by design, ion channels function to change membrane po-
tential by the net movement of relatively tiny amounts of
charge (~10 picomoles per cm2 membrane to generate a
change of 100 mV) [14], hence the low proportion of ac-
tive AQP1 ion channels is consistent with a functional
goal of gated ionic signaling that is distinct from that of
massive constitutive osmotic water permeability.
The role of the AQP1 channel in mediating both water
and ion fluxes raises interesting questions about whether
the pathways are shared or structurally distinct. Expres-
sion of AQP1 channels in bilayers has shown that the wa-
ter permeability but not the ionic conductance is blocked
by p-chloromethylbenzenesulfonate, indicating that the
two fluxes may involve distinct pathways [12]. Work pre-
sented here provides an additional line of evidence that
the pathways for water and ions in AQP1 can be distin-
guished pharmacologically, using the blocker TEA as a
probe. In combination with data from three-dimensional
imaging analyses [15], these results support the sugges-
tion that the AQP1 channel may contain separate parallel
pathways for ion and water fluxes. These findings have po-
tential significance in understanding the complex role for
AQP1 in processes of salt and water movement across cell
membranes.
Results and Discussion
TEA inhibition of water flux in AQP1-expressing MDCK 
cells
TEA inhibited significantly the osmotically-driven net
movement of water across monolayers of Madin-Darby
Canine Kidney (MDCK) cells expressing human AQP1, as
compared to AQP1-infected MDCK cells without TEA
treatment (Figure 1). MDCK cells were induced to express
AQP1 by infection with replication-deficient adenovirus
(see Materials and Methods). These cells showed a high
rate of water flux, ranging from 4 to 10 µl/cm2/hour, and
a significant block by 1 mM TEA, ranging from 32 to 45%
in 6 sets of replicate experiments. The TEA block of AQP1-
mediated water flux for all data combined was 34.2%. In
control MDCK cells infected with empty virus, the water
flux was significantly lower (approximately 10-fold),
ranging from 0.2 to 1.4 µl/cm2/hour. In these control
cells, the net flux rates with and without treatment were
not significantly different. Therefore, the enhanced water
permeability and concomitant sensitivity to block by TEA
were dependent on the expression of AQP1 channels.
MDCK cells transfected with empty virus showed no aug-
mentation of transepithelial water movement, confirming
previous work that showed water does not flow across
tight junctions in MDCK confluent layers [16]. Cells trans-
fected with empty virus also showed no effect of TEA treat-
ment. The magnitude of block of AQP1-mediated water
permeability by TEA is consistent with that reported pre-
viously for AQP1 channels expressed in Xenopus oocytes
[5].
TEA inhibition of water flux in renal tubule
Preparations of pure descending thin limbs and pure as-
cending thin limbs from the inner medulla were segregat-
ed by morphological features. Descending thin limbs with
their cells with nuclei protruding into the lumen differ
markedly in appearance from ascending thin limbs withBMC Physiology 2002, 2 http://www.biomedcentral.com/1472-6793/2/4
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their large, round, flat nuclei when viewed with DIC op-
tics [17,18]. The differential expression of AQP1 in the
two different types of segments (abundant in the descend-
ing thin limb and absent in the ascending thin limb), vis-
ualized by immunocytochemistry, confirmed the accuracy
of the morphological identification (Figure 2). AQP1 pro-
vides the predominant pathway for water transport in the
descending thin limb [19,20]. In preparations of isolated
perfused descending thin limbs, net osmotic water ab-
sorption rates (Jv) and water permeability (Pf) were signif-
icantly lower in the presence of 10 mM TEA than in the
absence of TEA (Figure 3). This sensitivity to TEA corre-
lates with the expression of AQP1 channels in this region.
The overall effect of TEA in descending thin limb was to
cause a 49% block of JV and a 50% block of Pf. The pair-
wise comparison of individual tubule preparations, be-
fore and after TEA, showed a significant percent change of
(-) 52 ± 6 % (mean ± SEM; n = 10) in descending thin
limb. In contrast, preparations of ascending thin limbs
that lack AQP1 channels showed essentially no net water
flux and no effect of TEA under osmotic gradient condi-
tions. For data from ascending thin limbs, the pairwise
comparison of individual tubule preparations before and
after TEA showed a non-significant percent change of (+)
17 ± 35 % (n = 9). These data show that the blocking effect
of TEA on water permeability originally observed in
AQP1-expressing oocytes can be reproduced in a physio-
logically relevant condition. TEA blocks water permeabil-
ity in a tissue that has abundant native expression of
AQP1 channels, whereas it has no effect in tissue lacking
AQP1 expression.
Lack of TEA block of ion channel conductance
Heterologous expression of human AQP1 in Xenopus
oocytes, a system that has been well characterized for elec-
trophysiological assays, was used for two-electrode volt-
age clamp studies to evaluate the effects of TEA on ionic
currents. External TEA(10 mM) failed to block the cGMP-
dependent ionic current in AQP1-expressing oocytes (Fig-
ure 4). Current responses were assessed with voltage steps
from +40 to -70 mV, from a holding potential of 0 mV
(Fig. 4A). The initial response shows the current-voltage
relationship recorded by two-electrode voltage clamp in
an AQP1-expressing oocyte in isotonic 100 mM Na+ sa-
line (see Methods). The activated response was measured
in the same oocyte at 3–5 minutes after addition of 4 mM
sodium nitroprusside (SNP), which elevates endogenous
cGMP levels. The effect of 10 mM TEA (with 90 mM NaCl)
was assessed by perfusing the recording chamber with TEA
saline containing SNP. No appreciable change was ob-
served. For the representative example shown in Figure 4,
the conductance (measured as the linear slope of the cur-
rent-voltage relationship between -50 and +30 mV; Fig.
4B) for the initial condition was 3.0 nA/mV. After channel
activation the conductance was 58 nA/mV in Na+ saline
and 57 nA/mV in 10 mM TEA saline. The reversal poten-
tial of the current (Fig. 4B) shifted from approximately -24
mV in the initial state to about -4 mV in the activated state,
consistent with the activation of a non-selective cationic
conductance permeable to both Na+ and K+. Similar re-
sults were observed for other SNP-activated oocytes (n =
5), as well as for AQP1-expressing oocytes activated by pri-
or incubation in 10 mM 8Br-cGMP (as described in [11]).
In AQP1-expressing oocytes, the conductance induced by
8Br-cGMP in control Na+ saline did not change signifi-
cantly [(+) 11.6 ± 6.2 % (mean ± SD; n = 7)] after per-
fusion with 10 mM TEA saline, thus confirming the
absence of a blocking effect of TEA on the ion conduct-
ance by AQP1 channels. The activated AQP1 ion channel
is less permeant to TEA than to Na+ or K+[10]; however,
because of the high extracellular Na+ concentration (90
mM) in the TEA bath saline in the present study, the meas-
ured reversal potential of the activated current was not ap-
preciably different with and without 10 mM TEA.
Figure 1
Block by TEA of AQP1-mediated water permeability in mon-
olayers of adenovirus-infected MDCK cells. (A) To account
for differences in levels of AQP1 expression between differ-
ent experimental preparations, data for "Percent water flux"
were standardized to the mean water flux measured for
AQP1-expressing monolayers without TEA on the same
experimental day. Cells infected with empty adenovirus were
untreated (Control) or treated with TEA (Con TEA). Cells
infected with AQP1 adenovirus and expressing AQP1 were
untreated (AQP) or treated with TEA (AQP TEA). Box plots
show the distribution of data values; the gray box encloses
50% of the data points, the error bars show the full range,
and the horizontal bar shows the modal value. Data for
mean, standard error and n value are shown below each col-
umn. Significant differences were analyzed by T-test and are
reported as p < 0.001 (*), and not significant (N.S.; p < 0.50)
(B). Whole cells lysates were prepared from MDCK cells on
filters and 10 µg of protein was loaded onto each lane.
Shown is the expression of AQP1 protein in MDCK cells
infected with empty (CON) or AQP1 adenovirus. No AQP1
protein was seen in CON lanes even after extended expo-
sures to film (i.e., 30 minutes).BMC Physiology 2002, 2 http://www.biomedcentral.com/1472-6793/2/4
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Results presented here show that TEA serves as an effec-
tive, though partial, blocker of the osmotic water permea-
bility mediated by human AQP1 channels expressed in a
heterologous mammalian cell line and by native AQP1
channels in isolated rat renal descending thin limbs of
Henle's loops. Before the characterization of TEA, mercu-
rial compounds were among the only known blockers of
AQP1, affecting both the constitutive water flux and the
regulated ion conductance [6,10]. For AQP1 channels ex-
pressed in Xenopus oocytes, the block of osmotic water flux
is 5% in 0.01 mM TEA, 21% in 1 mM TEA, and 36% in 10
mM TEA, as referenced to the osmotic water flux in con-
trol AQP1-expressing oocytes [5]. Data presented here
show that the level of block by TEA is comparable or great-
er for AQP1 channels expressed in mammalian cells. 1
mM TEA produces a 34% block of osmotic water flux in
MDCK cells, and 10 mM TEA produces a 50% block in re-
nal descending thin limbs. The effect of TEA on water per-
meability in cells and tissues that express high levels of
AQP1 channels is likely to be significant, given the sub-
stantial amount of water that can be moved across AQP1-
expressing epithelia (for example, see data on descending
thin limbs in Fig. 3). The idea that TEA might be a candi-
date for a lead compound for the development of drugs
with possible clinical applications [5] is supported by the
present data that show the effectiveness of TEA in two dif-
ferent mammalian models of AQP1-mediated osmotic
water permeability. While the usefulness of TEA in vivo as
a research tool may be limited by toxicity and effects on
other channels at higher concentrations, it offers a degree
of reversibility and selectivity not seen with mercury, an
agent which acts by covalent modification of all exposed
cysteine residues [21,22].
The regulated ion channel function of AQP1 is not
blocked by external TEA. An intriguing question remains
regarding the location of the permeation pathway for cat-
ions in AQP1 channels. Analysis of the crystal structure of
GlpF suggests that potential ion binding sites may be lo-
cated in the central pore, at the four-fold axis of symmetry
in the tetrameric association of subunits that form the
channel [15]. Interestingly, this arrangement of a tetramer
of subunits to form a central ion pore is a hallmark of the
family of voltage-gated ion channels [23], which rely on a
tetrameric organization to create a central pore for ions
that is lined by sequences contributed from all four subu-
nits. In contrast, the four individual pores for water or
glycerol, located within each subunit of AQP1 or GlpF, ap-
pear to be lined with hydrophobic residues expected to
preclude ion permeability [15,24,25]. Importantly, TEA
distinguishes between the two pathways in AQP1, sup-
porting the idea that the ion and water pores are physical-
ly distinct although they co-exist in the same channel
complex.
The AQP1-mediated ion conductance may contribute
measurably to the function of tissues in which AQP1 is
abundantly expressed, such as in the mammalian renal
proximal tubule [13]. Further work is needed to assess the
additional levels of regulatory control that may constrain
the availability of the AQP1 proteins to serve as ion chan-
nels gated by cGMP, within a background of constitutive
water channel activity. The maintenance of an ionic pore,
as well as a conserved cGMP-binding domain in the AQP1
carboxy tail for regulating activation [11], suggests that
the ion channel function is likely to be essential for phys-





Madin-Darby Canine Kidney (MDCK) cells were obtained
as a gift from Dr. R. Lynch, University of Arizona, and
used between passages 13–14. Cells were grown and
maintained in Dulbecco's Modified Eagle Medium (Life
Technologies) that was supplemented with 10% fetal bo-
vine serum (Hyclone), 170 mM glutamine and penicillin/
streptomycin (100 µg/ml, Life Technologies) in humidi-
fied air containing 5% carbon dioxide at 37°C.
Adenovirus vector
The adenovirus (AV) backbone for the aquaporin-1
(AQP1) sense and antisense AV constructs was a replica-
Figure 2
Immunocytochemical analysis confirms the expression of
AQP1 channels in pure descending but not ascending thin
limb preparations. Examples are shown for isolated prepara-
tions of rat inner medullary descending thin limb(upper
panel) and inner medullary ascending thin limb (lower panel)
labeled with a rabbit antibody to the AQP1 carboxy tail
domain, and visualized with Cy5-labeled antirabbit antibody
immunoglobulin-G. The scale bar is 100 µm.BMC Physiology 2002, 2 http://www.biomedcentral.com/1472-6793/2/4
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tion-deficient "first-generation" AV with deletions of the
E1 and E3 genes [26]. This "empty" AV contains the cy-
tomegalovirus (CMV) promoter and bovine growth hor-
mone polyadenylation (bHG) site separated by a
polylinker that was used to clone AQP1 DNA as described
previously [27]. A recombinant AQP1 virus was construct-
ed using a plasmid containing the coding sequence for
AQP1, pCHIPev [28]. pCHIPev was digested and the
AQP1 insert was subcloned into the shuttle vector pSKAC,
creating pSKAC/AQP1. pSKAC contains map units 0.0–
1.3 of the AV which includes the left terminal repeat of
AV, a CMV promoter, an AMV translation enhancer and a
polylinker region. DNA fragments containing AQP1 DNA
were liberated from pSKAC after restriction and ligated
into adenovirus as described previously [27]. Human em-
bryonic kidney cells (293 cells) were transfected with liga-
tion mixture and individual viruses were isolated from
cell lysates by two consecutive rounds of plaque purifica-
tion using an agar overlay as described previously [27]. In-
dividual viruses were amplified in 293 cells and purified
over cesium step gradient. Individual AV DNA titers were
determined by three different methods: 1) plaque titra-
tion on 293 cells, 2) immunofluorescence microscopy of
AV protein expression (anti-penton group antigen, clone
143, Biodesign, Kennebunk, ME) in 293 cells infected
with serial dilutions of AV and 3) absorbance at 260 nm
(pfu/ml = A260 ×  dilution ×  1010).
Osmotic water flux assay
Water permeability was measured as the net fluid move-
ment driven by an osmotic gradient across intact monol-
ayers of adenovirus-infected MDCK cells, by methods
similar to those reported previously [27,29]. Cells were
seeded onto Transwell filters (Costar, 1 cm2, 0.4 µm pore
size) at a density of 1.5 ×  105 cells per well. Cells were
maintained in humidified air containing 5% CO2 for two
weeks to allow for cell-cell junctions to mature. Cells were
infected at the apical surface with adenovirus containing
AQP1 cDNA or with empty adenovirus at a multiplicity of
infection (MOI) of 10. Five days post-infection, all medi-
um was removed carefully and completely from both up-
per (apical) and lower (basolateral) chambers. Exactly
one milliliter of fresh prewarmed isotonic medium (~300
mOsM) was added to the lower chamber and exactly 175
µl of hypertonic medium (~450 mOsM) was added to the
upper chamber at time zero. In experimental groups, TEA
chloride was present at a 1 mM concentration in both the
upper and lower chambers. After four hours of incubation
at 37°C, all of the medium from each of the upper cham-
bers was removed carefully and volume was measured us-
ing an analytical balance.
Immunoblot analysis
Sodium dodecyl sulfate (SDS) solubilized whole cell
lysates containing 5% β -mercaptoethanol were electro-
phoresed into 12% polyacrylamide gels containing 0.1 %
SDS. Fractionated proteins were blotted onto nitrocellu-
lose using the Transblot system as per manufacturer in-
structions (Biorad, Hercules, CA). The blots were
preincubated for 30 minutes at 22°C in Tris-buffered sa-
line containing 5% nonfat powdered milk and 0.2%
Tween-20 (TBS-T), and were then probed with affinity pu-
rified anti-AQP1 IgG (1:5000) for 2 hr at 22°C. The blots
Figure 3
Analysis of water flux in isolated perfused renal ascending
and descending thin limbs of Henle's loop under osmotic gra-
dient conditions.A. Compilation of Jv values obtained for
descending thin limbs that were untreated (Desc cont) or
exposed to 10 mM TEA (Desc TEA), and for ascending thin
limbs that were untreated (Asc cont) or exposed to TEA
(Asc TEA). B. Compilation of calculated osmotic water per-
meabilities (Pf) for the same tubules as analyzed in (A). Box
plots show the distribution of data values; the gray box
encloses 50% of the data points, the error bars show the full
range, and the horizontal bar shows the modal value. Data
for group means, standard errors and n values are shown
below each column. However, since each tubule served as its
own control, differences were analyzed by paired T-test and
are reported as p < 0.02 (**), p < 0.05 (*), and not significant
(N.S.).BMC Physiology 2002, 2 http://www.biomedcentral.com/1472-6793/2/4
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were washed (3 ×  15 min) in TBS-T and were incubated
for 2 hours with horseradish peroxidase-conjugated sec-
ondary antibodies (goat anti-rabbit, 1:5000, Pierce). The
blots were washed (3 ×  15 min) in TBS-T and specific la-
beling was visualized following enhanced chemilumines-
cence (Pierce, Rockford, IL) and exposure (10 seconds) to
ECL-Hyperfilm (Amersham, Arlington Heights, IL). Im-
munoblots were digitized using the UVP gel documenta-
tion system and densitometry was performed using
LabWorks software (Upland, CA).
Isolated perfused rat inner medullary thin limbs
Animals and dissection of tubules for immunocytochemistry and for 
in vitro fluid movement measurements
Young male Munich-Wistar rats (Harlan Sprague-Dawley,
Indianapolis, In), 90 g average body weight, were main-
tained on Teklad Mouse/Rat Diet No. 7001 with free ac-
cess to water. Dissection of inner medullary thin limbs of
Henle's loop from fresh rat renal tissue for immunocyto-
chemistry and for in vitro microperfusion was performed
as described in detail previously [17]. We used descending
thin limb (DTL) and ascending thin limb (ATL) segments
from the top 70% of the inner medulla above the pre-
bend level. Descending and ascending thin limbs were
identified by cell type using an inverted microscope with
Nomarski differential interference contrast (DIC) optics at
400×  magnification [17,18].
Immunocytochemisty
Rabbit antibody recognizing the carboxy tail domain of
AQP1 (from W.D. Stamer and J.W. Regan, University of
Arizona) was used for immunocytochemical confirma-
tion of protein expression in isolated thin limbs of Henle
as described previously [30]. Tubules were positioned
onto a glass microscope slide covered with a layer of Cell-
Tak® adhesive (Becton Dickinson, Bedford, MA). Tubules
were then fixed in 4% paraformaldehyde for 10 min and
permeabilized with 100% methanol for 2 min at -20°C.
Primary antibody or non-immune rabbit serum (diluted
1:500) was applied overnight at 4°C., followed by incuba-
tion with biotinylated goat anti-rabbit antibody (diluted
1:100, 60 min), and incubation with streptavidin conju-
gated to Cy5 (60 min). Digital fluorescent images were
obtained with a Leica-TCS confocal microscope.
Perfusion and bathing solution for in vitro microperfusions
The Ringer solution used for perfusing and bathing the tu-
bules was that initially used by Chou and Knepper [18] in
perfusion of thin limbs from chinchilla kidneys and mod-
ified by us. It contained (in mM): 130 NaCl, 20 HEPES, 5
NaHCO3, 2.5 K2HPO4, 2 CaCl2, 1.2 MgSO4, 5.5 glucose,
and 5 urea. The osmolality was about 290 mOsm/kg H2O,
the pH was adjusted to 7.4 while the solution was gassed
with 95 O2/5% CO2.
Perfusion of tubules in vitro
We perfused the dissected tubules in vitro by a technique
essentially the same as that originally described by Burg et
al. [31] and modified for use in our laboratory [17,32,33].
The perfusion rate was about 15–20 nl/min. The temper-
ature of the bathing chamber was maintained at 37°C dur-
Figure 4
Tetraethylammonium does not block the ionic conductance
in cGMP-activated AQP1 channels expressed in Xenopus
oocytes.A. Recordings of current responses to voltage steps
analyzed by two-electrode voltage clamp in an AQP1-
expressing oocyte before stimulation (initial), after cGMP-
dependent activation in 100 mM Na+ saline (activated) and
after perfusion with saline containing 10 mM TEA and 90 mM
Na+ (+TEA). No block of the ionic current was observed. B.
Plot of the current-voltage relationship for data illustrated in
(A). Conductance values calculated from linear fits of the
data from -50 to +30 mV were 3.0 µS initial, 57.8 µS after
activation in Na+ saline, and 57.3 µS with 10 mM TEA.BMC Physiology 2002, 2 http://www.biomedcentral.com/1472-6793/2/4
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ing perfusion and the bath was covered with a layer of
light paraffin oil. To check for leaks and to measure net
fluid movement across the epithelium with an imposed
osmotic gradient, [14C]dextran (MW ~70,000) was added
to the perfusate.
Determination of net water movement and water permeability of 
thin limbs perfused in vitro
There is no net transepithelial water movement with solu-
tions of identical osmolalities in the bath and lumen. For
this study, however, we determined the occurrence of net
water absorption and water permeability when we im-
posed an osmotic gradient from bath to lumen (see be-
low). Net water absorption, Jv (nl min-1 mm tubule
length-1), was determined in each collection period with
[14C]dextran in the perfusate using the following relation-
ship: Jv= (Vi - Vo)/L. In this equation, Vi(initial perfusion
rate, nl/min) is calculated by dividing the cpm of 14C in
the collected fluid by the cpm/nl of 14C in the initial per-
fusate and by the time of the collection period; Vo (collec-
tion rate, nl/min) is measured directly from the collection;
and L (mm) is the length of the tubule perfused, measured
with an ocular micrometer. For purposes of determining
the water permeability of DTL and ATL, we imposed a 100
mOsmol/kg H2O osmotic gradient from bath to lumen
with sucrose and determined Jv as just described. Water
permeability (Pf, µm s-1) was then determined from the
equation Pf = Jv/(As Vw δ Cosmol) where As = luminal sur-
face area (π  DL), Vw = partial molar volume of water (18
ml/M), δ Cosmol = transepithelial osmolality gradient [18].
When the effect of TEA on water movement was exam-
ined, TEA bromide (10 mM) was added to the bathing
medium and the NaCl concentration was reduced by 10
mM to maintain the osmolality constant. Collection peri-
ods were 5 min in length and each tubule served as its
own control for measuring net water flux and water per-
meability in the presence and absence of TEA. [14C]dex-
tran (sp act 1.08 mCi/g) was obtained from American
Radiolabeled Chemicals, St. Louis, MO., USA. Results are
summarized as means ± SE. The n value is the number of
tubules. Each tubule came from a different animal.
Xenopus oocytes
Oocyte preparation
Adult female Xenopus laevis were anesthetized with tric-
aine methane sulfonate (MS-222, Sigma Chemical Co).
Stage V-VI oocytes were removed by partial laparotomy
and defolliculated by collagenase treatment [11]. Cloned
human Aquaporin1 DNA was provided by Dr. P. Agre
[28], linearized with XbaI and used as a template for in vit-
ro synthesis of cRNA with T3 RNA polymerase. Prepared
oocytes were injected with 50 nl of sterile water (control
oocytes) or 50 nl of sterile water containing AQP1 cRNA
(~0.2 to 0.5 ng/nl) and were incubated for 2–5 days at
18°C in culture medium (ND96: 96 mM NaCl, 2 mM KCl,
1.8 mM CaCl2, 1 mM MgCl2, 5 mM Hepes, 2.5 mM pyru-
vic acid, 100 U/ml penicillin, and 100 µg/ml streptomy-
cin, pH 7.6) to allow protein expression.
Electrophysiology
Two-electrode voltage clamp recordings were performed
at room temperature with electrodes (0.5–3 MΩ ) filled
with 3 M KCl. Data were recorded with a GeneClamp 500
(Axon Instruments, Foster City, CA), filtered at 2 kHz, dig-
itized at 50 to 2000 µs and analyzed with pClamp soft-
ware (Axon Instruments). Control recording saline for
two-electrode voltage clamp contained (in mM): 100 Na-
Cl, 5 MgCl2, and 5 HEPES, pH 7.3. TEA saline was made
with (in mM) 10 TEA.Cl, 90 mM NaCl, 5 MgCl2, and 5
HEPES, pH 7.3. Activation of the ionic current was in-
duced by preincubation of AQP1-expressing oocytes for
10–30 minutes in 10 mM 8Br-cGMP (Sigma) in high K+
saline, containing (in mM): 30 KCl, 80 K gluconate, 5
MgCl2, 5 HEPES, pH 7.3, or by addition of 2–4 mM sodi-
um nitroprusside (SNP), a stimulator of guanylate cyclase
and cGMP production [34,35]. Control oocytes treated in
the same conditions showed no induction of an ionic cur-
rent. Higher concentrations of SNP (>10 mM) affected
ionic permeability in some batches of control oocytes and
were not used. Current voltage relationships were assessed
in Na+ control saline and in TEA saline to assess potential
blocking effects of TEA.
Chemicals
All chemicals were purchased from standard sources ex-




Jv Net osmotic water absorption rate
MDCK Madin-Darby Canine Kidney cell
Pf Osmotic water permeability
SNP Sodium nitroprusside (nitric oxide donor)
TEA Tetraethylammonium (chloride salt)
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